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Summary
Objective: The menisci play an important role in the biomechanics of the knee, and loss of meniscal function has been associated with
progressive degenerative changes of the joint in rheumatoid arthritis as well as in osteoarthritis. However, little is known about the underlying
mechanisms that link meniscal injury or degeneration to arthritis. Meniscal fibrochondrocytes respond to environmental mediators such as
growth factors and cytokines, but the influence of mechanical stress on their metabolic activity is not well understood. Nitric oxide (NO) is
believed to play a role in mechanical signal transduction, and there is also significant evidence of its role in cartilage and meniscus
degeneration. The goal of this study was to determine if meniscal fibrochondrocytes respond to mechanical stress by increasing NO
production in vitro.
Design: Explants of lateral and medial porcine menisci were dynamically compressed in a precisely controlled manner, and NO production,
nitric oxide synthase antigen expression and cell viability were measured. The relative responses of the meniscal surface and deep layers
to dynamic compression were also investigated separately.
Results: Meniscal NO production was significantly (P<0.01) increased by dynamic compression in both the medial and lateral menisci.
Dynamically compressed menisci contained inducible nitric oxide synthase antigen, while uncompressed menisci did not. Significant
(P<0.05) zonal differences were observed in basal and compression-induced NO production.
Discussion: Our findings provide direct evidence that dynamic mechanical stress influences the biological activity of meniscal cells. These
results suggest that NO production in vivo may be in part regulated by mechanical stress acting upon the menisci. Since NO affects matrix
metabolism in various intraarticular tissues, alterations in the distribution and magnitude of stress in the menisci may have important
metabolic as well as biomechanical consequences on joint physiology and function. © 2001 OsteoArthritis Research Society International
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The menisci are intra-articular fibrocartilaginous structures
essential to the normal function of the knee joint. Their
primary function in the joint is biomechanical in nature, and
numerous studies have determined their capacity for load
transmission1–4, shock absorption5,6, stabilization7,8 and
lubrication9. While there is overwhelming evidence that
removal of menisci leads to joint degeneration10–17, little is
known about the pathology of the meniscus (e.g. injury,
inflammation or degeneration) itself and its interactions with
articular cartilage relative to the onset and progression of
arthritis. Several investigators have described concomitant
lesions in menisci and articular cartilage as coinciden-
tal11,18, while others suggest causal links between cartilage
and meniscus degeneration4,19–21. Since pathologic
changes of the menisci are a common feature in rheuma-
toid arthritis (RA) and osteoarthritis (OA) of the knee, a
better knowledge of meniscal physiology could further
enhance our understanding of the disease pathogenesis.481Normal menisci are composed of approximately 75%
water, 20% collagen, a small amount of proteoglycans and
other non-collagenous proteins, lipids and cells22,23. The
extracellular matrix is synthesized and maintained by cells
termed fibrochondrocytes24,25. These cells are sparsely
distributed throughout the matrix and occupy only a small
volume (<10%) of the total tissue26. Fibrochondrocytes
respond to environmental factors such as growth factors
and cytokines27, but mechanical stress also plays a role in
regulating their metabolic activity. For example, treadmill
exercise increases collagen and proteoglycan contents in
rat menisci28, while stress deprivation caused by joint
immobilization leads to a decrease in aggrecan gene
expression29. However, the sequence of biomechanic
and biochemical events through which fibrochondrocytes
perceive and respond to their mechanical environment are
not fully understood.
Nitric oxide (NO) is a gaseous free radical that acts as
both an inter- and an intra-cellular messenger30–32, and is
an important candidate molecule in mechanical signal
transduction33–35. There is also growing evidence that NO
plays an important role in the etiology of arthritis30,36–38,
where a major pathophysiological consequence may be the
inhibition of chondrocyte matrix production30. Nitric oxide is
produced by the conversion of L-arginine to L-citrulline and
NO through a process catalysed by nitric oxide synthase
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in calcium dependence, kinetics and regulation39. Two
NOS isoforms (NOS1 and NOS3) are calcium dependent
and constitutively expressed. The third isoform, NOS2,
is expressed after exposure to diverse stimuli, such as
inflammatory cytokines27,40,41 and bacterial lipopolysac-
charides42. Mechanical stress is a potent modulator of NO
in many cell types such as endothelial cells33,34, osteo-
blasts35 and articular chondrocytes43–45. Therefore, altera-
tions in the mechanical environment of the knee joint may
have an important influence on the production of NO in
meniscal fibrochondrocytes. Recent evidence from an
animal model of OA suggests that abnormal biomechanic
stresses due to ligament instability trigger the disease
process and that NO participates in the pathogenesis of
meniscal degeneration42. These in-vivo studies are limited,
however, by difficulties in determining the precise loading
history of the joint, and they are complicated by the effect of
systemic factors or local soluble mediators (e.g. hormones,
cytokines, enzymes). In this respect, in-vitro explant culture
studies can provide a system in which both the applied
loading and biochemical environment of the tissue can be
controlled, allowing more precise definition of the relation-
ships between mechanical stress and cellular activity46.
Ultimately, both in-vitro and in-vivo systems are necessary
to reveal the role of mechanical forces on the meniscus
biology.
The goal of this study was to examine the hypothesis
that meniscal fibrochondrocytes can respond to mechan-
ical stress by increasing NO production. Explants of lateral
and medial porcine menisci were dynamically compressed
in a controlled manner, and NO production, NOS antigen
expression and cell viability were measured. Because of
variations in fibrochondrocyte arrangement and density
with distance from the tissue surface, the response of the
surface and deep zones of the meniscus to dynamic
compression was also investigated separately.Material and methods
MENISCUS SAMPLES
Medial and lateral menisci from knees of 2-year-old
female pigs were obtained from a local slaughterhouse and
processed within 4 h of death. Ten cylindrical explants
(5 mm in diameter and approximately 2 mm millimeters in
thickness) were harvested aseptically from the femoral
surface of each meniscus using a biopsy punch (Miltex
Instrument Company Inc, Lake Success, NY) [Fig. 1(a)].
For those experiments where surface vs deep meniscus
layers were compared, two discs (5 mm diameter and
approximately 1 mm in thickness) were cut from the same
cylinder [Fig. 1(b)]. The samples were incubated in culture
medium (Dulbecco’s modified Eagle’s medium: Gibco,
Gaithersburg, MD, 10% heat inactivated fetal bovine
serum: Sigma Chemicals, St Louis, MO, 0.1 mM non-
essential amino acids: Gibco, Gaithersburg, MD, 10 mM
HEPES Buffer solution: Gibco, Gaithersburg, MD and
100 U/ml penicillin/streptomycin: Gibco, Gaithersburg,
MD). Test and control explants were paired at harvest and
originated from adjacent sites on the meniscus (Fig. 1).SPONTANEOUS NO RELEASE
Meniscal samples were incubated in 1 ml of culture
medium, and the medium was changed every 24 h fora period of 5 days. In a first experiment, half of the
samples were cultured with 2 mM NG-Monomethyl-L-
arginine.monoacetate (Alexis Biochemicals, San Diego,
CA), a NOS inhibitor. In a second experiment, discs from
the surface and deep meniscal zones were separated and
their spontaneous NO production was measured.Fig. 1. Samples were harvested from the lateral and medial
menisci, placing the biopsy punch perpendicular to the tissue
surface. (a) Discs of approximately 2 mm in thickness were used
for most of the experiments (b) For comparison of surface and
deep zones of the meniscus, two discs of approximately 1 mm in
thickness were cut from the same cylinder.Fig. 2. BiopressY system and diagram of a well in the BiopressY
culture plate. Each meniscus disc was placed in an individual well
containing 1 ml of culture medium. Positive air pressure was
applied to move the well upward, compressing the meniscal
sample against a rigid Delrin post.MENISCAL COMPRESSION
Compressive loads were applied to 24 samples simul-
taneously, using a modified version of the Biopress sys-
tem (Flexcell International, Hillsborough, NC). Prior to
compression, each meniscus disc was weighed and placed
in an individual well containing 1 ml of culture medium, as
part of a customized six-well Biopress compression plate.
Four of these plates were placed on a rubber base that
supplied air pressure underneath the center of each plate.
Due to a flexible bottom under each well, vertical move-
ment was allowed against a 10-g post resting on the
explant (Fig. 2). The magnitude and duration of each
loading cycle were controlled by a desktop computer run-
ning the FlexercellY software program. All experiments
were performed at 37°C in a tissue culture incubator with
5% CO2 and 95% air. Following assembly, the compression
device was placed in the incubator for 1 h to equilibrate
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compression experiment was started. Compression exper-
iments were performed for 24 h at a frequency of 0.5 Hz
(square wave with 1 s on, 1 s off) at a compressive stress
of 0.1 MPa. Control explants were maintained unloaded
for the same duration. In two sets of the experiments,
the effect of the NOS2 specific inhibitor 1400 W (Alexis
Biochemicals, San Diego, CA) was evaluated.QUANTIFICATION OF NO SYNTHESIS
Nitric oxide was assessed by measuring the concen-
tration of nitrite and nitrate (the stable NO metabolites) in
the conditioned media using the ‘Total NO’ Assay (R & D
Systems, Minneapolis, MN). This assay uses enzymatic
conversion of all nitrate to nitrite by the enzyme nitrate
reductase. Nitrite is then determined as a colored azo dye
product of the Griess reaction that absorbs visible light at
540 nm. Nitrite alone was also measured separately in a
similar manner using the Griess reagents47. Results were
expressed as mole per gram wet weight per 24 h (mole/
g/24 h).IMMUNOBLOTS
Immunoblots were performed using anti-NOS1, anti-
NOS2 or anti-NOS3 monoclonal antibodies (Transduction
Laboratories, Lexington, KY) and detected using the
enhanced chemiluminescence reagents from Amersham
(Arlington Heights, IL) as previously described48. For a
NOS2 positive control, we used extracts from the mouse
macrophage line J774 that had been cultured for 48 h with
200 U/ml interferon- and 20 ng/ml lipopolysacharide.
We used 50 g of meniscal protein in each lane for the
immunoblots. Pituitary extract was used as the positive
control for NOS1 and human endothelial cells as a positive
control for NOS3.CELL VIABILITY AND STRUCTURE
Cell viability was assessed immediately following the
mechanical loading regimens by a fluorescent live/dead
assay (Molecular Probes, Eugene OR). Explants were
washed in Dulbecco’s phosphate buffered saline (PBS)
(Gibco, Gaithersburg, MD) and incubated for 20 min in 1 ml
of PBS containing 2.5 l of calcein-AM as a label of viable
cells and 2.5 l of ethidium homodimer-1 as a label for
dead cells. The cartilage slices were rinsed in PBS, placed
face down in a Lab-Tek chambered coverglass containing
PBS, and imaged using a confocal laser scanning
microscope (LSM 510, Zeiss, Thornwood, NY). Three-
dimensional imaging was used to measure differences in
the arrangement and density of fibrochondrocytes between
the surface and deep zones, as described previously49,50.STATISTICAL ANALYSIS
The statistical significance of the differences in NO levels
between compressed and control samples from medial and
lateral menisci was analyzed using a two-factor ANOVA
with repeated measures and a Newman–Keuls post hoc
test. All other comparisons between the paired test and
control specimens were made using a Student’s paired,two-tailed t-test. Significance was reported at the 95%
confidence level.ResultsSPONTANEOUS NO RELEASE
Total NO (NOx) measured in the conditioned media from
explants decreased rapidly after the first 48 h of culture.
From day 3 to day 5, levels of total NO remained essen-
tially constant. The NOS inhibitor NG-Monomethyl-L-
arginine.monoacetate decreased NO production by
approximately 40% for the first 48 h, but did not have any
effect after that time (Fig. 3). NO production (on days 2 to 4)
was significantly (P<0.05) higher in cultures with explants
taken from the surface zones of the menisci compared to
explants from the deep zones (Fig. 4).Fig. 3. Spontaneous NO release measured as total NO
[nitrite+nitrate=(NOx)] in micromoles per gram of tissue per
24 hours (mole/g/24 h) in the media for 5 days after harvest, in
the presence and absence of 2 mM of NG-Monomethyl-L-
arginine.monoacetate (L-NMMA). Data are presented as
mean+S.E.M., *=P<0.05 (N=14 per group).Fig. 4. Spontaneous NO release from explants from surface and
deep layers of the menisci measured as total NO (NOx) in
mole/g/24 h in the supernatant for 5 days after harvest. Data are
presented as mean+S.E.M., *=P<0.05 (N=six per group).COMPRESSION EXPERIMENTS
Since spontaneous NO release from the explants
remained constant after 2 days in culture medium, all
compression experiments were performed 72 h after
sample harvest. Twenty-four hours compression at
0.1 MPa caused a significant (P<0.01) increase in both
nitrite and total NO (Fig. 5), with nitrite representing 14
to 20% of total NO. There was no significant (P>0.05)
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menisci.
Addition of the NOS2 specific inhibitor 1400 W (2 mM) to
the culture medium decreased NO production approxi-
mately 50% in the compressed (720.1±11.7 mole/g/24 h
to 336.3±40.4 mole/g/24 h; P<0.05) and in the control
group (329.1±69.9 mole/g/24 h to 174.7+18.7 mole/g/
24 h; P>0.05) (Fig. 6).
Supernatant medium from dynamically compressed
explants of the surface zones of the menisci contained
significantly (P<0.01) more NO than that from discs har-
vested from deep zones (Fig. 7).IMMUNOBLOTS
Immunoblot analysis of two separate samples showed
induction of NOS2 antigen by compression. There was no
NOS2 antigen detected in uncompressed samples (Fig. 8).
No immunoreactivity with NOS1 and NOS3 was detected in
either compressed or uncompressed samples (data not
shown).CELL VIABILITY AND STRUCTURE
Cell viability was found to be 99–100% in control and
compressed samples, except for a region of cell death ofapproximately one to two cell layers thick near the cut
edges of the explant. Cell volume fraction was significantly
higher (P<0.01) in the surface zone compared to the deep
zones of the explant (9.65±6.70% vs 2.67±2.22%, N=6)
(Fig. 9).Fig. 5. Nitric oxide production measured as total NO (NOx) and
nitrite in mole/g/24 h from explants from lateral and medial
menisci subjected to 24 h of dynamic compression at a magnitude
of 0.1 MPa and a frequency of 0.5 Hz. Values are compared to
neighboring uncompressed (control) explants. Data are presented
as mean+S.E.M., **=P<0.01 (N=30 per group).Fig. 6. Nitric oxide production measured as total NO (NOx) in
mole/g/24 h in meniscal explants subjected to 24 h of dynamic
compression at a magnitude of 0.1 MPa and a frequency of 0.5 Hz
in the presence or absence of 2 mM 1400 W, a NOS2 specific
inhibitor. Values are compared to neighboring uncompressed (con-
trol) explants. Data are presented as mean+S.E.M., *=P<0.05
(N=10 per group).Fig. 7. Nitric oxide production measured as total NO (NOx) in
mole/g/24 h in explants from surface and deep zones of lateral
and medial meniscus subjected to 24 h of dynamic compression at
a magnitude of 0.1 MPa and a frequency of 0.5 Hz. Values are
compared to neighboring uncompressed (control) explants. Data
are presented as mean+S.E.M., *=P<0.05, **=P<0.01 (N=10 per
group).Fig. 8. Immunoblot analysis of two separate meniscal explants
after 24 h of dynamic compression (+) showing NOS2 antigen
expression at approximately 130 kDa. In the uncompressed
samples (0), no NOS2 antigen was detected.Fig. 9. Confocal imaging of fluorescently labeled viable cells in
meniscal explants. (a) Full-thickness explant at low magnification;
(b) surface zone at high magnification; and (c) deep zone at high
magnification. The scale bar equals 50 m.Discussion
Our findings provide direct evidence that dynamic
mechanical stress influences the biological activity of
fibrochondrocytes. Nitric oxide production was significantly
increased by dynamic loading in both the medial and lateral
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observed in both basal and compression-induced NO pro-
duction. These findings suggest that NO production in vivo
may in part be regulated by mechanical stress acting upon
the menisci. Since NO can affect matrix metabolism in
various intraarticular tissues, alterations in the distribution
and magnitude of stress in the menisci (e.g. those encoun-
tered in injury, inflammation, degeneration, or surgery) may
have important metabolic as well as biomechanic conse-
quences on the physiology and function of the knee joint.
While there are no previous reports of the biologic
response of meniscal fibrochondrocytes to mechanical
stress in vitro, our studies are consistent with previous
reports on the response of articular cartilage chondrocytes
to mechanical stimuli. For example, fluid shear stress
increased NO production and proteoglycan synthesis in
bovine articular chondrocytes in monolayer43. A high mag-
nitude of cyclic tensile strain has been shown to induce NO
production, while low magnitudes of cyclic tensile strain can
decrease cytokine induced NO production51. Dynamic
mechanical compression of porcine articular cartilage
explants at the same magnitude and frequency as used in
the present study also increased NO production45. How-
ever, dynamic compression of bovine chondrocytes
embedded in agarose decreased NO production44, sug-
gesting that the absence of the natural extracellular matrix
may play an important role in mechanical signal transduc-
tion. The precise mechanisms of mechanical signal trans-
duction and the potential role of NO in controlling matrix
metabolism and gene expression in the meniscus remain to
be determined.
Similar to articular cartilage40,45 we found low levels of
spontaneous NO production by normal menisci. Maximum
spontaneous NO production occurred within the first
24–48 h following harvest and then decreased rapidly to a
constant level over the following days. It is uncertain if this
timecourse represents differences between NO production
in culture and in vivo or if it reflects an effect of the
harvesting procedure. Cao and coworkers52 showed that
normal lapine meniscal tissue produces high levels of NO
when stimulated with cytokines. This production was
accompanied by a decrease in collagen synthesis of
approximately 30%, as well as reduced proteoglycan syn-
thesis. However, other investigators38 did not detect NO
production by human, bovine, and canine meniscal cells
following treatment with IL-1, TNF- or lipopolysaccharide.
Species differences and different culture conditions might
explain these discrepancies52.
Our findings that explants from the surface zone of the
meniscus produced more NO (both spontaneously and in
response to compression) may be explained by the higher
cell density of the surface zone. A similar finding was
reported for articular cartilage, where chondrocytes from
surface layers produced significant more NO in response to
IL-1 than cells from deeper layers53. Further studies are
needed to evaluate a possible influence of different cell
subpopulations within the meniscus.
While the magnitudes of tissue deformation in our model
would be similar to those encountered physiologically54,
the 24-h duration of these mechanical loading regimens
likely exceed those encountered during normal activities.
These experiments were primarily designed to measure
NO production in response to a steady-state mechanical
stimulus, and based in part on previous experience with
articular cartilage from our laboratory45.
It is important to note that the stress and strain generated
within the menisci in vivo are determined not only byexternally applied loads but also by the shape, the integrity
of the attachments, and the material properties of the
tissue5,55. Thus, disease or trauma, as well as subsequent
surgical treatment procedures (e.g. partial meniscectomy
or meniscal repair) may alter the ‘normal’ distribution of
stress and strain in the meniscus, and may therefore
potentially affect metabolic activity of fibrochondrocytes.
This observation could help to explain the unexpected
clinical findings that partial meniscectomy may induce
similar risks of OA as total meniscectomy56. Abnormal
mechanical stress to both menisci and articular cartilage
can also be induced by ligament instability. Transection of
the anterior cruciate ligament results in degeneration of
articular cartilage and menisci in a rabbit knee ostearthritis
model42. Menisci in this model display degenerative
changes on the surface and in the central regions, associ-
ated with loss of proteoglycans and a high number of
apoptotic cells. Nitrotyrosine, an indicator of in-vivo peroxy-
nitrite production (a NO metabolite), is also detected within
the menisci as well as higher spontaneous NO produc-
tion in meniscus explants from the affected joints. This
finding suggests that NO does play a role in meniscus
degeneration42.
Our results indicate that dynamic mechanical compres-
sion increases NO production in fibrochondrocytes. Com-
bined with the findings of previous investigators30,37,42,52
that NO modulates matrix synthesis in chondrocytes and
fibrochondrocytes, our results add a new perspective on
knee joint pathology. Our findings suggest that biochemical
signals between menisci and articular cartilage (in addition
to pure mechanical/structural factors) play important roles
in joint physiology. These findings may provide new insight
into some of the controversial findings on the relationships
between meniscal and cartilage pathology. Further in-vitro
studies will aid in determining the influences of different
magnitudes, frequencies and duration of stress on the
production of NO and other biological mediators of
meniscus and cartilage metabolism, as well as on matrix
synthesis and breakdown. This information is important not
only for a better understanding of the pathology of knee
arthritis, but also for the development of new therapeutic
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